In this study, we evaluate cell death, proliferation and repair in left ventricular endomyocardial biopsies from 20 patients with active lymphocytic myocarditis worsening or recovering from cardiac dysfunction after 6-months immunosuppression. Apoptosis and necrosis were assessed by in situ ligation of hairpin probes, proliferation by Ki67 and MCM5 labelling of myocytes, repair by electron microscopy, morphometric study of percent myofibrillar area and real-time polymerase chain reaction of a-and b-Myosin Heavy Chain (MHC). Apoptosis and necrosis decreased in post-vs pretreatment biopsies by 85 and 62%, respectively in responders, while increased by 42 and 46% in nonresponders. Ki67 and MCM5-positive myocytes were higher vs controls at baseline and increased by 43 and 38% at follow-up in responders and by 75 and 63% in nonresponders. Myofibrillar area reduced in pretreatment samples, increased by 33% at follow-up in responders, correlated with percent enhancement of ejection fraction and was associated with increased a-MHC expression and a/b-MHC ratio. In follow-up biopsies of nonresponders, myofibrillar area diminished by 36% and correlated with percent decrease of ejection fraction. Our results suggest that recovery of cardiac function in myocarditis responding to immunosuppression is associated with inhibition of cell death, activation of cell proliferation and with newly synthesized contractile material.
It has been recently shown that immunosuppression can be an effective therapeutic option in active lymphocytic myocarditis, 1,2 characterized by the presence of circulating serum cardiac autoantibodies and undetectable viral agents at the PCR evaluation of frozen endomyocardial samples. Cell mechanisms of cardiac recovery are, however, still speculative and may include halting of proteolysis and cell death, activation of cell proliferation and reconstitution of cell myofibrillar content. The contribution of each of these mechanisms has not yet been analyzed, while its definition may identify new strategies for the treatment of heart failure.
The aim of this study is a morphologic, morphometric and molecular evaluation of cell death, cell proliferation and repair in sequential endomyocardial biopsies of patients with myocarditis and heart failure, deteriorating and recovering, respectively, after immunosuppressive therapy.
Materials and methods

Patient Selection
Among 41 patients that at our Institution from January 1997 to July 2000 were treated for 6 months with immunosuppressive therapy (prednisone 1 mg kg À1 day À1 for 4 weeks followed by 0.33 mg kg À1 day À1 for 5 months and azathioprine 2 mg kg À1 day
À1
for 6 months) in addition to full conventional therapy with digitalis, diuretics, ACE inhibitors and carvedilol because of active lymphocytic myocarditis and chronic heart failure, 21 responded with prompt improvement of left ventricular contractile function and reduction of left ventricular dimensions (responders) while 20 patients failed to respond and showed a persistence or a worsening of heart failure (nonresponders). 2 In all, 10 responders, all showing the presence of circulating cardiac autoantibodies and absence of viral genomes in the myocardium at PCR analysis, and 10 nonresponders, characterized by worsening of left ventricular dysfunction, absence of circulating cardiac autoantibodies, and by the presence of myocardial viral genomes were retrospectively studied in order to analyze the cellular events associated with an opposite clinical outcome. The 20 patients were selected from the 41 of the original study 2 on the basis of the remaining amount of myocardial material available.
Clinical Studies
Clinical assessment, resting ECG, Holter monitoring, and echocardiography were performed at baseline, weekly during the first month, every 4 weeks for the remaining 5 months. Cardiac catheterization, angiography, and biventricular endomyocardial biopsy were performed at baseline and at 6 months. Coronary angiography was performed only at baseline. All invasive cardiac procedures were performed after informed patient consent and approval by the Ethics Committees of our institution. Endomyocardial biopsies were performed in the septal-apical region of both ventricles (four to five for each ventricular chamber), as previously described. 2 
Histologic and Immunohistochemical Studies
Four to six endomyocardial samples obtained from each patient were processed for histological and immunohistochemical studies. Multiple 5-mm-thick sections were stained with hematoxylin-eosin, Miller's elastic Van Gieson, Masson's trichrome and examined by light microscopy. Morphometric studies, including the assessment of the extent of myocardial fibrosis and the measurement of myocyte diameter at the level of the nucleus with computation of the cross sectional area, were performed on baseline and 6 month follow-up biopsy. 3 The Dallas criteria 4 were adopted for histological diagnosis of myocarditis, supplemented by immunohistochemistry for the characterization of inflammatory infiltrates. 5 
Transmission Electron Microscopy and Morphometry Studies
Ultrathin sections were stained with uranyl acetate and lead hydroxide. Morphometric analysis of myofibrillar components was performed on baseline and 6 month follow-up left ventricular biopsy specimens from all patients and was carried out by a computer assisted image analyzer, utilizing the KS-300 software (Carl Zeiss Co, Germany, 1995), directly on photographic negatives of TEM sections. The overall procedure and measurements have been described in detail in a previous paper. 6 In all, 20 surgical specimens of papillary muscles from age and sexmatched patients with mitral stenosis and normal left ventricular function were used as normal controls.
Molecular Biology Studies
Two frozen myocardial specimens from each patient were used for PCR and reverse transcriptase PCR analysis to detect cardiotropic DNA (Adenovirus, Epstein Barr virus, Herpes Simplex viruses, Cytomegalovirus, Parvovirus B19) and RNA viruses (Enterovirus, Influenza viruses A and B, Hepatitis C virus), using the primers previously described [2] [3] [4] [5] in baseline and follow-up biopsies. Total RNA extracted from additional left ventricular specimens of responders patients at baseline and 6 month follow-up were used for real-time PCR, using the ABI Prism 7700 Sequence Detection System (Applied Biosystems, Foster City, CA, USA), to detect myosin heavy chain (MHC) a and MHC b. For each gene amplification a standard curve was generated using serial dilutions of human heart total RNA (BD Biosciences Clontech, Palo Alto, CA, USA). Quantification results were showed as MHC a and b mRNA expression normalized with the endogenous control glyceraldehyde-3-phosphate dehydrogenase. 7 Frozen ventricular myocardial samples obtained during cardiac surgery from 20 age-matched patients with mitral stenosis and normal left ventricular function served as normal controls.
Evaluation of Cell Apoptosis, Necrosis, and Proliferation
In situ ligation of hairpin probes with single-base 3 0 overhangs (hairpin 1) or blunt ends (hairpin 2) were used to measure, respectively, apoptosis and necrosis of myocytes 3, 8, 9 on baseline and follow-up left ventricular endomyocardial biopsies. The number of proliferating myocytes was evaluated by Ki67 (clone MIB-1, Diagnostic Biosystems, Pleasanton, CA, USA), and MCM5 (Accurate Chemicals, Westbury, NY, USA), two nuclear proteins involved in the cell cycle. [10] [11] [12] Myocytes were labeled by a-sarcomeric actin antibody staining (clone C5C, Sigma, St Louis, MO, USA). Nuclei were stained with propidium iodide. Specimens were examined with confocal microscope. 3 Control values for myocyte death and proliferation were assessed in 20 surgical specimens of papillary muscles from patients with mitral stenosis and normal left ventricular function. 
Statistical Analysis
Results
Comparison of baseline clinical, morphometric, and histochemical parameters between responders and nonresponders are presented in Table 1 .
In responders cardiac function improved significantly after 6-month immunosuppression, while it failed to improve or deteriorated in nonresponders (Tables 1 and 2 , Figures 1a and 2a) .
Immunohistological Studies
Histological and immunohistochemical analysis showed, in all patients, an active lymphocytic myocarditis with diffuse inflammatory infiltrates associated with focal necrosis and diffuse vacuolar degeneration of the adjacent myocytes ( Figure 1b , left panel, Figure 2b left panel) with interstitial and focal replacement fibrosis. The infiltrates included mainly activated T lymphocytes (CD45RO þ ) with a moderate amount of cytotoxic lymphocytes (CD8 þ ). Follow-up histology at 6 months showed in responders replacement of myocardiocytes 
Electron Microscopy and Morphometry Studies
Transmission electron microscopy studies were aimed to characterize at subcellular level the myocardiocyte damage and its recovery or worsening after 6 months of immunosuppressive treatment. In all patients before treatment, myofibrillolysis was present in all myocardiocytes analyzed, appearing as large cytoplasmic areas, apparently empty or filled with fine granular material and localized among thin bundles of sarcomeric fibrils (Figure 1c left panel, Figure 2c left panel). These areas were absent in myocardiocytes of normal controls.
At transmission electron microscopy and morphometric analysis, the comparison with normal myocardium showed that such empty areas were the result of the reduction of myofibrillar content. There was not statistically significant difference in terms of myofibrillar area content between responders and nonresponders at baseline biopsy (Table 1) . After 6 month immunosuppressive treatment, in responders myofibrillar mass and architecture recovered and appeared to be similar to those of a normal myocardium. Large, apparently empty, cytosolic spaces disappeared, being replaced by regularly organized sarcomeres and normal mitochondria (Figure 1c , right panel). This was confirmed by morphometry which showed that the percentage of myofibrillar area on total cellular area was increased by 33% proportionally to the recovery of left ventricular ejection fraction (Pearson correlation 0.84, Po0.01) ( Table 2 and Figure 3a) . Conversely, in myocytes of not responders there was a further reduction of myofibrillar content (Figure 2c, right panel) , corresponding to a 36% reduction of percentage of myofibrillar area at morphometric analysis (Table 3 and Figure 3b ) paralleled by a decrease in left ventricular ejection fraction (Pearson correlation 0.72, Po0.01).
Molecular Biology Studies
The presence of sufficient target nucleic acid for PCR analysis was confirmed by amplification of s -globin for DNA and glyceraldehyde-3-phosphate dehydrogenase for RNA in all cases in baseline and follow-up biopsies. Viral genomes were absent both in baseline and follow-up biopsies of responders and in normal controls. A myocardial viral infection was detected in all nonresponders (Tables 2 and 3) . Importantly, follow-up biopsies showed a persistence of the viral genome in all cases.
The relative quantitative analysis (Figure 4 ) showed that the expression of the MHC a and b isoforms in the group of patients before treatment was 34 and 19% lower than in controls (0.56 vs 0.85, and 5.2 vs 6.4, respectively). After therapy, a significant increase in the levels of MHC a mRNA (5.5-fold, from 0.56 to 3.1, Po0.001, comparing the variances) and a not significant trend to decrease in MHC b expression (0.8-fold, from 5.2 to 4.2, P ¼ 0.28) was observed, leading to a marked increase in MHC a/b ratio (6.7-fold). 
Cell apoptosis, Necrosis, and Proliferation
Myocardiocyte apoptotic and necrotic cell death were, respectively, 104-fold (patients ¼ 22857764/ 
Discussion
After controversial results from the systematic use of immunosuppression in the treatment of myocarditis, 13, 14 recent reports seem to have identified biological markers recognizing specific subset of responders. In particular, patients with active lymphocytic myocarditis and myocyte expression of HLA molecules, 1 absence of myocardial viral genome at PCR and detectable cardiac autoantibodies in the serum 2 have been found highly susceptible to immunosuppressive therapy with significant or complete recovery of a severely depressed cardiac contractility in comparison with virus positive and cardiac autoantibodies negative patients. However, cell mechanisms of cardiac recovery are still speculative and the impact of cell repair vs cell proliferation or the possible contribute of cell death inhibition are still unknown. In the present study, the authors have documented that all the aforementioned cell mechanisms intervene in the process of cardiac recovery, although with a different relevance that can be perceived or enhanced in other forms of heart failure not responding to conventional therapeutic strategies.
Role of Cell Death
In the present study, it has been shown that myocarditis manifesting with chronic heart failure, is characterized by a remarkable increase of cell death by apoptosis and necrosis. Indeed, apoptosis and necrosis were several times higher in myocarditis patients compared with normal controls and these values were comparable with those reported in severe forms of dilated cardiomyopathy, 3, 8, 15 suggesting that myocyte loss is an important mechanism of myocardial damage in myocarditis with cardiac dysfunction. On follow-up biopsies of responders cell death decreased consistently, specifically by 68% for cell necrosis and 86% for cell apoptosis, allowing cell repair and proliferation to become effective biological events for the improvement of cardiac function. Several mechanisms may have concurred to cell rescue including: (a) removal of natural killer cells and activated T-lymphocytes that with their perforins and granzymes produce damage of myocyte membrane inducing cell necrosis and DNA fragmentation leading to apoptosis; 16, 17 (b) Inhibition of cytokine and free radical production (particularly TNF-a and IL-1) that can activate intracellular caspase cascade and ultimately myocyte apoptosis; 18 (c) reduction of reactive oxygen species production (including NO), that at high levels can induce necrosis while at lower levels can trigger apoptosis; 19 (d) reduction of left ventricular load due to the improvement of cardiac dimensions and contractility. 20 It is noteworthy that even severe degrees of cell death can be remarkably slowed or stopped if the treatment is really able to interfere with the underlying mechanism of damage.
On the other hand, the increased level of cell death observed in follow-up biopsy of not responders correlates with the worsening of heart failure and with the persistence of viral agents, that have been shown to induce cardiomyocyte apoptosis in myocarditis. 21 
Role of Cell Regeneration
The presence of proliferating myocytes in the heart of patients with myocarditis was demonstrated by the nuclear expression of Ki-67 and MCM5. Ki-67 and MCM5 positive cells were significantly higher compared with normal controls in both responders and nonresponders, suggesting that in chronic myocarditis, as in other forms of heart failure, there is an activation of myocyte regeneration in the attempt to compensate cell loss. Thus, the increased expression of preadult cardiac myosin isoforms found in our patients could be partially related to the presence of immature myocytes.
The source of replicating myocytes could not be investigated because of the limited amount of myocardial material. However, according to recent studies, undifferentiated and early committed cells, expressing stem cell markers and telomerase, are present in the adult heart and divide rapidly under stimulation, giving rise to myocytes at various stages of maturation. 3, 10, 22 Thus, the myocytes positive for cell cycle markers found in our patients would most likely constitute a population of amplifying myocytes that did not reach yet their terminally differentiated state and growth arrest.
On follow-up biopsies, in our study, the number of cycling myocytes increased significantly by 43% for Ki-67 and 38% for MCM5 in responders and by 75 and 63% in nonresponders. This may be related to a stimulation of a healing process that becomes more pronounced in the presence of a more severe cell death and cardiac dysfunction. Nevertheless, the amount of proliferating cells in the myocardial tissue was lower than in other condition associated with persisting heart failure, 3 and was higher in nonresponders than in responders suggesting that the contribution of this mechanism in our patient population was insufficient to explain itself the entire recovery of cardiac function. In addition, it raises the question of the possible use of systemic or cardiac growth factors (ie growth hormone, IGF-1, granulocyte colony-stimulating factor) and the enhancement of cardiac stem cell proliferation or recruitment for the treatment of inflammatory cardiomyopathy failing to respond to the conventional therapeutic regimens.
Role of Cell Repair
In this study, it is shown that myofibrillolysis is a constant, diffuse and consistent myocardiocyte damage in patients with active myocarditis and that it well correlates with the severity of LV dysfunction. Myofibrillolysis may occur through several mechanisms associated with myocardial inflammation including lysosomal and proteosomal protein degradation and caspase-3-mediated proteolysis. 23 Indeed, activation of apoptotic pathways converges in the activation of caspase-3, a neutral, protease, which may degrade a large number of cytosolic proteins, including sarcomeric components. The morphometric analysis of pre and postrecovery from myocarditis left ventricular endomyocardial biopsies provides the first evidence that repair of myofibrillolysis may be a major mechanism of improvement of cardiac function, increasing cell myofibrillar content by an average value of 33%. This figure attains to most of the myocardiocytes included in the histological sections and presumably to an extensive number of cells in the myocardium. In fact, it has been shown from biopsy and autopsy correlative studies that Z5 EMB samples, particularly if obtained from both ventricles are sufficiently representative of what occur in the entire myocardium. 24 In addition, the myocytes appear bigger at recovery compared with baseline, probably as a consequence of a reactive hypertrophy to cell loss, being the extent of replacement fibrosis increased from 8 to 12%. It derives that the increase of myofibrillar mass is a consistent contribute to the recovery of LV function and explains the linear correlation between percent increase of myofibrillar area with percent enhancement of LV ejection fraction. On the other hand, in the opposite situation of nonresponders, myofibrillar mass decreased by a mean value of 36% and correlated with percent reduction of left ventricular ejection fraction.
Further evidence of a strong activation of contractile protein synthesis comes in responding patients from molecular biology studies of a and b isoforms of MHC at baseline and after recovery from myocarditis. In fact, both increased expression of a-MHC and inhibition of b-MHC synthesis with enhanced a/b MHC ratio strongly suggest gene activation of foetal protein isoforms, 25 that typically become operative in the process of cell repair.
Limitation of the Study and Conclusions
Our study suggests that recovery of cardiac function in patients with myocarditis responding to immunosuppression is associated with remarkable cellular events including strong inhibition of cell degeneration and death, activation of cell proliferation and mostly newly synthesized contractile proteins. Although the study is descriptive and no causeand-effect relationship is provided between cellular changes and the increase in LV contractility, the pronounced cell improvements observed in responders and the cell deterioration documented in nonresponders constitute a strong suggestion for this link and ascribe to them a main functional role.
